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1
IMAGE DISPLAY APPARATUS

BACKGROUND OF THE INVENTION

Field of the Invention

The present invention relates to image display apparatuses
such as a head-mounted display (HMD) and a projector

Description of the Related Art

Image display apparatuses each having a display optical
system that magnifies an original 1mage formed on an 1mage
forming element such as a liquid crystal element and pre-
senting a magnified observation 1mage to an observer are
desirable to be compact and have a wide angle of view. In
particular, an HMD to be mounted on a head of the observer
observing the observation image through his/her right and
left eyes includes rnight and left paired 1mage forming
clements and right and leit paired display optical systems, so
that a decrease 1n size thereof 1s important.

Japanese Patent Laid-Open Nos. 10-153748 and 2000-
1035338 each disclose an 1image display apparatus using as a
display optical system an eccentric prism whose reflective
surfaces having optical powers are eccentrically arranged.

Furthermore, U.S. Pat. No. 5,861,995 discloses a holding
structure for positioning and holding, 1n an 1mage display
apparatus, a prism constituting a display optical system.

An increase 1n angle of view of the display optical system
in the HMD increases a maximum optical eflective area (a
required area ol an optical surface having an optical func-
tion), which results in an increase in size of the display
optical system. The increase 1n size of each of the right and
left display optical systems causes a physical interference
therebetween.

A person’s iterpupillary distance, which 1s a distance
between person’s right and left eyes, 1s about 60 mm in
general. A interpupillary directional width of each display
optical system, which 1s 1its size 1 a iterpupillary direction
in which the right and leit eyes are arranged, 1s necessary to
be smaller than at least the person’s interpupillary distance.

Moreover, when the 1mage display apparatus 1s provided
with an interpupillary distance adjustment mechanism for
adjusting a distance between the right and left display
optical systems so as to match that distance to an observer’s
interpupillary distance, the interpupillary directional width
of each display optical system defines a smallest adjustable
distance between the right and left display optical systems,
so that the interpupillary directional width 1s desirable to be
as small as possible.

However, an optical element such as a prism constituting,
cach display optical system 1s necessary to have a connec-
tion portion connected to a holding portion (or supporting,
member) 1n the 1mage display apparatus such that the optical
clement 1s held at a fixed position 1n the image display
apparatus. If the connection portion protrudes, in the inter-
pupillary direction, further outside than a maximum width of
an optical portion necessary for image observation in the
optical element, an interpupillary directional space neces-
sary for arranging each display optical system 1s increased
by an amount corresponding to the protrusion, which results
in an increases 1n size of the entire 1mage display apparatus
and 1 a restriction in interpupillary distance adjustable
amount.

SUMMARY OF THE INVENTION

The present invention provides an 1image display appara-
tus that 1s capable of presenting a wide angle-of-view
observation 1mage and that can reduce an interpupillary
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directional width of an optical element constituting a display
optical system and including a connection portion.

The present mvention provides as an aspect thereol an
image display apparatus including an image forming ele-
ment configured to form an original 1image, and a display
optical system formed by an optical element whose 1nside
surrounded by an entrance surface, multiple reflective sur-
faces and an exit surface 1s filled with an optical medium and
configured to mtroduce a light flux from the original image
to an exit pupil. The display optical system 1s configured to
cause the light flux entering from the original image by
being transmitted through the entrance surface to reflect at a
part of the reflective surfaces, to cause the reflected light tlux
to form an intermediate 1mage 1n the display optical system
and to cause the light flux to reflect at another part of the
reflective surfaces and exit from the exit surface toward the
exit pupil located in a first direction. The optical element
includes a first optical portion on which the entrance surface
and the part of the reflective surfaces are formed, a second
optical portion that 1s provided 1n a second direction
orthogonal to the first direction with respect to the first
optical portion and on which the other part of the reflective
surfaces and the exit surface are formed, and a connection
portion configured to be connected to a holding portion that
1s provided, as a different portion from the connection
portion, for holding the optical element in the image display
apparatus. The first optical portion has a side face 1n a width
direction orthogonal to the first and second directions, and
the connection portion 1s formed on the side face so as to be
included within a maximum width of the second optical
portion 1n the width direction.

Further features and aspects of the present invention will
become apparent from the following description of exem-

plary embodiments with reference to the attached drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a coordinate system 1n an embodiment
of the present invention.

FIG. 2 illustrates a configuration of an image display
apparatus that 1s the embodiment of the present mmvention
and a central-view-angle principal ray therein.

FIG. 3 illustrates a light flux and an intermediate image 1n
the 1mage display apparatus of the embodiment.

FIG. 4 1llustrates hit point distances between optical
surfaces 1n the 1mage display apparatus of Embodiment 1.

FIG. 5 1s an external view of a prism 1n the embodiment
(Numerical Example 1).

FIG. 6 illustrates a width of the prism in the embodiment
(Numerical Example 1).

FIG. 7 illustrates an image display apparatus that 1s
Numerical Example 1.

FIG. 8 illustrates an i1mage display apparatus that 1s
Numerical Example 2.

FIG. 9 1s an external view of a prism of Numerical
Example 2.

FIG. 10 1llustrates a width of the prism in Numerical
Example 2.

FIG. 11 1illustrates an image display apparatus that 1s
Numerical Example 3.

FIG. 12 illustrates an image display apparatus that 1s
Numerical Example 4.

DESCRIPTION OF TH

EMBODIMENTS

(Ll

Exemplary embodiments of the present invention will be
described below with reference to the accompanied draw-
ngs.
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Description will be made of an HMD as an image display
apparatus that 1s an embodiment of the present imnvention.
First, with referring to FI1G. 1, a coordinate system and terms
in the embodiment (and in specific numerical examples
described later) will be described.

In FIG. 1, reference numeral 301 denotes a right eye of an
observer, and 302 a left eye of the observer. The coordinate
system has a z-axis extending 1n a visual axis direction of the
observer and an x-axis orthogonal to the z-axis and extend-
ing 1n an mterpupillary direction 1n which the right and left
eyes 301 and 302 are arranged. The coordinate system also
has a y-axis extending in a direction orthogonal to the x- and
z-axes. In the following description, a direction in which the
x-axis extends, which i1s the interpupillary direction, 1s
referred to as ““a horizontal direction”, and a direction 1n
which the y-axis extends 1s referred to as “a vertical direc-
tion”.

Furthermore, as to an angle of view of an observation
image (presented 1mage) observed by the observer, the angle

4

of view 1n the horizontal direction 1s referred to as “a
horizontal angle of view”, and the angle of view in the
vertical direction 1s referred to as ““a vertical angle of view”™.
In addition, a rotational angle about the x-axis 1s represented
by “a”.

In FIG. 1, reference numeral 107 denotes a display optical
system, which will be described 1n detail later; right and left
display optical systems 107 are arranged in the horizontal
direction so as to respectively correspond to the right and left
eyes 301 and 302 of the observer.

FIGS. 2 and 3 illustrate a configuration of the image
display apparatus of the embodiment. These drawings 1llus-
trate only one of the right and left display optical systems
107 illustrated 1n FIG. 1. FIG. 2 illustrates a central-view-
angle principal ray C proceeding in the image display
apparatus; the central-view-angle principal ray C will be
described later. FIG. 3 illustrates a flux of rays (hereinafter
referred to as “a light flux™) proceeding 1n the 1image display
apparatus.

In FIGS. 2 and 3, reference numeral 106 denotes an image
forming element (image display element) such as a liqud
crystal element (LCD) or an organic electro luminescence
(EL) element. The image forming element 106 forms an
original 1mage.

The display optical system 107 has as optical surfaces a
first surface 101, a second surface 102, a third surface 103,
a Tourth surface 104 and a fifth surface 105. The first surface
101 serves as a retlective surface and a transmissive surface.
The second surface 102 serves as a reflective surface, and
the third surface 103 serves as a reflective surface. The
fourth surface 104 serves as a retlective surface, and the fifth
surface 105 serves as a transmissive surface. The display
optical system 107 1s formed by one prism (optical element)
whose 1nside surrounded by the first to fifth surfaces 101 to
105 1s filled with an optical medium such as glass or plastic.
The second, third and fourth surfaces 102, 103 and 104 that
are reflective surfaces in the prism are each provided with a
high-reflectance reflective film formed by metal deposition
or the like.

In an optical system like the display optical system 107 in
this embodiment using multiple reflective surfaces mutually
eccentric, folding an optical path enables making the entire
optical system compact. However, each retlective surface
has a higher sensitivity to an eccentric error than that of a
refractive surface, so that a highly accurate position adjust-
ment (assembling adjustment) for adjusting relative posi-
tional relations of the reflective surfaces 1s required. In
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contrast, forming the optical system having an optical power
as one prism like this embodiment can eliminate such an
assembling adjustment.

Reference numeral 100 denotes an exit pupil of the
display optical system 107. An observer placing his/her eye
at a position of the exit pupil 100 can observe a presented
image (observation image) that 1s a magnified image of the
original 1image formed on the 1mage forming element 106.

In the image display apparatus configured as above, the
light flux emitted from the original image on the image
forming element 106 and including the central-view-angle
principal ray C 1s transmitted through the fifth surface 105
to enter the display optical system 107. The central-view-
angle principal ray C 1s a ray emitted from a center of an
original 1image forming area of the image forming element
106 1n which the original 1mage 1s formed and passing
through a center of the exit pupil 100.

The light flux entering the display optical system 107
from the fifth surface 105 1s reflected by the fourth surface
104, the third surface 103, the first surface 101 and the
second surface 102 1n this order, 1s transmitted through the
first surface 101 to exit from the display optical system 10
and then reaches the exit pupil 100. The retlection at the first
surface 101 1s internal total retlection.

Although this embodiment describes a case where the first
surface 101 serves as reflective and transmissive surfaces by
utilizing internal total reflection that increases light utiliza-
tion efliciency, the first surface 101 may serve as retlective
and transmissive surfaces by using a half-transmissive film.

Furthermore, the display optical system 107 in this
embodiment causes at least part of an optical path of the
light flux proceeding from the fifth surface 105 to the fourth
surface 104 to intersect with at least part of an optical path
of the light flux proceeding from the third surface 103 to the
first surface 101. This intersection of the optical paths
enables reducing a size of the entire display optical system
107 while providing a required optical path length.

Moreover, as illustrated in FIG. 3, the display optical
system 107 causes the light flux from the original image to
form thereinside an intermediate 1mage (illustrated by a

broken line). In FIG. 3, of the first to fifth surfaces 101 to
105, the fifth, fourth and third surfaces 105, 104 and 103
near the image forming element 106 cause the light flux to
form the intermediate image. The display optical system 107
introduces the light flux from the intermediate 1mage to the
exit pupil 100 by the second and first surfaces 102 and 101.

The display optical system 107 forming such an interme-
diate image thereinside enables increasing a freedom degree
of setting of a display angle of view with respect to a size of
the image forming element 106 (that 1s, of the original image
forming area).

Furthermore, the display optical system 107 can be
divided in terms of optical functions into a relay optical
system that forms the mtermediate image and 1s constituted
by the fifth, fourth and third surfaces 105, 104 and 103 and
an observation optical system that forms a virtual 1image of
the intermediate 1mage and 1s constituted by the second and
first surfaces 102 and 101. This division enables decreasing
an optical power of the observation optical system while
increasing the angle of view, which enables reducing an
optical power burden on the observation optical system, 1n
particular, that of the second surface 102 having a positive
optical power. Consequently, the display optical system 107
can easily provide a suflicient eye relief, which 1s a distance
between the eye of the observer and the display optical
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system 107, and therefore can realize an i1mage display
apparatus enabling a comfortable 1image observation with a
wide angle of view.

In addition, as illustrated in FIG. 3, the relay optical
system forms the intermediate 1image so as to cancel out
aberrations such as field curvature generated in the obser-
vation optical system, which reduces a burden of aberration
correction on the observation optical system and thereby can
realize an 1image display apparatus capable of presenting a
high quality observation image whose aberrations are sui-
ficiently corrected. When one prism whose multiple optical
surfaces have optical powers forms an intermediate 1mage
thereinside, a small number of times of reflections of a light
flux 1nside the prism increases an optical power burden on
cach optical element, which makes it diflicult to correct
aberrations. Thus, 1t 1s necessary to retlect the light flux three
or more times. The display optical system 107 1n this
embodiment reflects the light flux four or more times and
thus enables presenting an observation image whose aber-
rations are suiliciently corrected.

The display optical system 107 in this embodiment 1s
configured to satisiy the following conditions. FIG. 4 1llus-
trates hit point distances .12, L.13 and L45 used in the
conditions. A distance between hit points of the central-
view-angle principal ray C on two surfaces of the optical
surfaces (first to fifth surtaces 101 to 105) 1s referred to as
“a hit point distance” between the two surfaces. In FIG. 4,
the hit point distance LL12 represents one between the first
and second surfaces 101 and 102, the hit point distance .13
represents one between the first and third surfaces 101 and
103, and the hit point distance .45 represents one between
the fourth and fifth surtfaces 104 and 105.

First, the hit point distances .12 and L45 satisfy condi-
tions expressed by following expressions (1) and (2).

0.62<L12/f<5.00 (1)

1.80=<145/L12<5.00 (2)

In the condition of expression (1), a value of L12/1 equal
to or larger than the lower limit 1s necessary as a condition
in order that the light flux reflected by the first surface 101
be reflected by the second surface 102 1n the prism as the
display optical system 107 providing a wide angle of view.
Not satisfying this condition generates vignetting of the light
flux (1n other words, an 1image lack) or excessively thins a
portion of the prism between the first and second surfaces
101 and 102 to decrease a mechanical strength of this
portion. On the other hand, a higher value of L.12/1 than the
upper limit of the condition of expression (1) excessively
increases an optical eflective area of the second surface 102,
which results 1n an increase in size of the relay optical
system and thereby makes 1t difhicult to make the entire
display optical system 107 compact.

In the condition of expression (2), a value of L45/1.12
equal to or larger than the lower limit 1s necessary as a
condition 1n order that the light flux necessary for image
display propagate in the above-described order in the display
optical system 107 providing a wide angle of view and
satistying the condition of expression (1). Not satistying this
condition of expression (2) generates vignetting of the light
flux, which makes 1t dithicult to present a good observation
image including no image lack. Furthermore, not satistying
the condition of expression (2) makes 1t diflicult to provide
a necessary optical path length of the relay optical system
forming the intermediate image, which results 1n an increase
in optical power burden on each optical element and thereby
makes 1t diflicult to correct aberrations sufliciently. On the
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other hand, a higher value of L.45/.12 than the upper limait
of the condition of expression (2) excessively increases an
optical eflective area of the fourth surface 104, which results
in an ncrease 1n size of the relay optical system and thereby
makes 1t dithcult to make the entire display optical system
107 compact.

It 1s desirable to change at least one of the conditions of
expressions (1) and (2) to a condition expressed by follow-
ing expression (3) or a condition expressed by following
expression (4).

0.70<L12/f<3.00 (3)

2.00=145/112<4.00 (4)

Satistying at least one of the conditions of expressions (3)
and (4) enables realizing a well-balanced 1mage display
apparatus, while being compact as a whole, that can provide
a suilicient space 1n the prism and that can present a good
observation 1mage whose aberrations are suiliciently cor-
rected.

Furthermore, the display optical system 107 (lut point
distances .13 and L.45) 1s desirable to satisiy, 1n addition to
the conditions of expressions (1) (or (3)) and (2) (or (4)), a
condition expressed by following expression (3).

0.48<145/L13=5.00 (5)

Satistying the condition of expression (5) enables realiz-
ing a display optical system whose relay and observation
optical systems are well-balanced in size and that effectively
utilizes the space in the prism, which enables realizing a
compact 1image display apparatus capable of presenting a
good observation image. A lower value of L.45/1.13 than the
lower limit of the condition of expression (5) makes the
relay and observation optical systems excessively distant
from each other, which increases the size of the display
optical system 107 in spite of folding the optical path.
Furthermore, the lower value of L45/[.13 than the lower
limit of the condition of expression (35) excessively spreads
the light flux proceeding toward the observation optical
system, which makes 1t diflicult to make the observation
optical system compact and thus makes 1t diflicult to make
the entire display optical system 107 compact. On the other
hand, a higher value of L45/1.13 than the upper limit of the
condition of expression (5) excessively increases the optical
effective area of the fourth surface 104, which makes 1t
difficult to make the entire display optical system 107
compact.

It 1s more desirable to change the condition of expression
(5) to a condition expressed by following expression (6).

0.60=145/L13=3.00 (6)

Satistying the condition of expression (6) enables realiz-
ing a display optical system whose relay and observation
optical systems are further well-balanced 1n size and that
turther eflectively utilizes the space in the prism, which
realizing a further compact image display apparatus capable
of presenting a good observation 1mage.

The above-described embodiment enables realizing a
compact 1image display apparatus that provides a wider angle
of view than those of conventional ones and that 1s capable
of presenting a high quality observation image. For example,
the 1image display apparatus of this embodiment enables
providing a horizontal angle of view of 50° or larger (more
desirably, 57° or larger) and a vertical angle of view of 30°
or larger (more desirably, 37° or larger).

FIGS. 5 and 6 illustrate an external configuration of the
prism constituting the display optical system 107. Reference
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numeral 401 denotes a relay optical portion as a {first optical
portion of the prism, which constitutes the relay optical
system. The relay optical portion 401 has thereon the fifth
surface 105 serving as an entrance surface and the fourth and
third surfaces 104 and 103 serving as a part of the multiple
reflective surfaces in the display optical system 107.

Reference numeral 402 denotes an observation optical
portion as a second optical portion of the prism, which
constitutes the observation optical system. The observation
optical portion 402 has thereon the second surface 102
included 1in another part of the multiple retlective surfaces
and the first surface 101 included in the other part of
reflective surfaces and serving as an exit surface. The light
flux exiting from the first surface 101 of the observation
optical portion 402 proceeds toward the exit pupil 100
located 1n a first direction that 1s an opposite direction to the
visual axis direction (z-axis direction).

Reference numerals 201 and 202 respectively denote a
right connection portion and a left connection portion each
configured to be connected to a holding portion (or a
supporting member) such as a frame that 1s provided, as a
different portion from the connection portion, for holding the
prism 1n the 1image display apparatus. The holding portion 1s
provided at a position different from the relay optical portion
401 1n the width direction. The holding portion 1s not an
optical element and 1s not an optical element for forming an
optical path 1n the display optical system 107. Each of the
connection portions 201 and 202 1s provided with a protru-
s10n (boss) and a hole for positioning the prism with respect
to the holding portion.

As understood from FIG. 6, the observation optical por-
tion 402 that causes the light flux form the original 1image to
form the mntermediate image 1s provided in the vertical
direction as a second direction with respect to the relay
optical portion 401 that magnifies the intermediate 1image to
present the magnified observation 1mage to the eyes of the
observer. A maximum width W1 of the relay optical portion
401 1n the horizontal direction (hereinafter referred also to as
“a width direction™) 1s smaller than a maximum width W2
ol the observation optical portion 402 1n the width direction.

For example, 1t 1s desirable to satisty a condition
expressed by following expression (7).

0.50< W1/ W2=0.95 (7)

It 1s further desirable to satisfy a condition expressed by
following expression (8).

0.63< W1/ W2=0.91 (8)

In order to satisiy the above conditions, this embodiment
forms right and left side faces on the relay optical portion
401 as 1ts side faces 1n the width direction (interpupillary
direction) and forms the right and left connection portions
201 and 202, which are integral with the prism, on the right
and lett side faces of the relay optical portion 401 such that
the right and left connection portions 201 and 202 are
included within the maximum width W2 of the observation
optical portion 402 1n the width direction. That 1s, this
embodiment forms the right and left connection portions 201
and 202 such that a width W' between a right end of the right
connection portion 201 and a left end of the left connection
portion 202 1s equal to or smaller than the maximum width
W2 of the observation optical portion 402. The width W' 1s
hereinafter referred to as “a maximum width of the right and
left connection portions 201 and 202”. The maximum width
W2 of the observation optical portion 402 means a dimen-
s10n 1n the width direction obtained by summing a maximum
value of an optical eflective width necessary for image
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observation (that 1s, an effective width of the first or second
surface 101 or 102) and a margin necessary for shaping the

prism, forming the high-reflectance reflective film by the
metal deposition and others.

The above-described embodiment causes the light flux to
form the intermediate 1mage 1n the prism 1n order to achieve
a wide angle of view and provides the connection portions
201 and 202, each of which has a suflicient strength for
causing the holding portion 1n the image display apparatus
(HMD) to hold the prism, so as to be included within the
maximum width W2 of the observation optical portion 402.
Accordingly, when the prisms (display optical systems 107)
are arranged right and left as illustrated in FIG. 1, an
interference between these right and ledt prisms each includ-
ing the connection portions 201 and 202 and a restriction of
an adjustable amount of an interpupillary distance adjust-
ment mechanism allowing an adjustment of a distance
between the right and left prisms can be avoided. This
embodiment allows the right and left prisms to be moved
close to each other to positions at which the distance
therebetween becomes 0.

The configuration of this embodiment 1s particularly
ellective for a case where the display optical system 107
provides a wide horizontal angle of view of 50° or larger and
a difference between the maximum width W1 of the relay
optical portion 401 and the maximum width W2 of the
observation optical portion 402 1s suflicient for forming the
connection portions 201 and 202.

Next, description will be made of numerical examples
according to the above-described embodiment.

NUMERICAL EXAMPLE 1

Table 1A shows optical data of Numerical Example 1, and
FIG. 7 illustrates a sectional view of an optical path of this
numerical example. In this numerical example, the 1mage
forming element 106 has a size of 18.4 mmx11.5 mm. The
exit pupil 100 of the display optical system 107 has a
horizontal diameter of about 7.6 mm and a vertical diameter
of about 5.2 mm. The center of the exit pupil 100 1s set at
a rotational center position of an eyeball of an observer. The
focal length of the display optical system 107 1s about 16
mm. The display optical system (prism) 107 provides a
horizontal angle of view of 60° and a vertical angle of view
of 40° and displays an observation image at an infinite
distance 1n a positive z-axis direction.

In the optical data shown 1n Table 1A, surface numbers S
are given to optical surfaces 1 order in a direction from the
virtual image toward an object as the image forming element
106, that 1s, 1n so-called a reverse ray tracing direction.
Reference character S1 denotes a stop surface (exit pupil
100), and SI an original image forming surface (original
image forming area) of the image forming element 106. In
this numerical example, the optical surfaces S2 to S7 are
non-rotationally symmetric (rotationally asymmetric) sur-
faces each having a surface-symmetric shape whose single
plane of symmetry 1s a y-z sectional plane (paper surface) of
FIG. 7.

Reference characters X, Y and Z (unit: mm) denotes a
position (X, v, z) of a surface apex of each optical surface in
a coordinate system 1n which an origin (0, 0, 0) 1s set at the
center of S1, the y- and z-axes orthogonal to each other are
taken 1n the paper surface of FIG. 7 and the x-axis 1s taken
so as to be orthogonal to the paper surface of FIG. 7.
Reference character A (unit: °) denotes a rotational angle of
cach optical surface about the x-axis when a counterclock-
wise direction 1 FIG. 7 1s defined as a positive direction.
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Reference character R denotes a curvature radius. A column
of TYP shows surface shape types; SPH denotes a spherical
surface, and FFS denotes a non-rotationally symmetric
shape expressed by following expression (9) where z rep-

10

refractive index Nd, which 1s 1.000, 1s shown and its Abbe
number 1s omitted. The optical surface S2 corresponds to the
first surface (transmissive surface) 101, the optical surface
S3 corresponds to the second surface (retlective surtface)

resents a sag amount of the surface, ¢ represents an apex > 102, the optical surface S4 corresponds to the first surface
curvature, k represents a conic constant (0 in this numerical (retflective surface) 101, the optical surface S5 corresponds
example) and r=V(x"+y°). to the third surface (reflective surface) 103, the optical
surface S6 corresponds to the fourth surface (internal total
reflective surface) 104, and the optical surface S7 corre-
10 .
cr? i o () sponds to the fifth surface (transmissive surface) 105.
7= + Cix"y"
L+ VI-(+kezz o
TABLE 1A
The second term in the right side of expression (9) is . s Yk R X e L A Nd  wvd
expressed‘ by fol}?fvmg expression (10) where C, represents | SPH o 0 0 0 0 1 00000
an aspheric coetficient. 2 FFS1I ® 0 2.231  33.565 -3.270 1.53151 55.7
3  FFS2 o 0 4,759 48.479 —-19.928 1.53151 3535.7
4 FFS1 o 0 2.231 33.565 -=3.270 1.53151 355.7
66 (10) 5> FFS3 <o 0 02469  -27.324 81.407 1.53151 355.7
Z CixX"t" = CoX + C3Y + CuX2 + Xs XY + CoY? + C1 X2 + 20 6 FFS4 «w 0 28976  30.249 11.397 1.53151 55.7
=2 7 FESS <o 0 31.244 62.217 —-45.987 1.00000
, , . . . . I SPH w 0 29.651  63.755 -17.474
Co XY+ g XY "+ CioY’ + Cyy X"+ Cp XY+ Ciz3 XY +
TABLE 1B
Coeflicient FES1 FES2 FES3 FES4 FESS
C4 -9.0936E-03  -1.3105E-02  -1.3713E-02 5.8141E-03  -2.2773E-02
Co6 -5.1745E-03  -9.6901E-03 2.4693E-03 6.3888E-03  -5.2465E-02
CR -3.0703E-04  -1.8810E-05  -7.9683E-05 5.1313E-05 -2.4952E-03
Cl0 —9.1877E-05 3.9002E-05 4.1887E-05 1.5174E-04  -6.4656E-04
Cl1 —2.2738E-06  -2.1152E-06  -9.0780E-06 2.2403E-06 2.4717E-04
Cl3 -9.3240E-06  -2.0863E-06 7.0845E-07  -3.0725E-07  -9.0284E-05
Cl5 1.9002E-06 7.5704E-07  -3.8378E-07  -2.6912E-06  -1.2941E-04
Cl7 2.4301E-07 1.4354E-09  —R.9511E-08  -1.1484LE-07 1.6225E-05
C19 —3.9825E-07 9.6476E-10 1.4203E-08  —4.6483E-08  —1.8856E-05
C21 2.9997E-09 6.0571E-08  -1.6390E-09  -1.2207E-09  -1.0965E-05
C22 1.6149E-08  -7.4246F-11 -5.1129E-09  —71.5758E-09  -2.3771E-06
C24 7.4596E-09  -R8.3705E-10 4.8888E-10  -1.8013E-09  -1.5635E-06
C26 —8.4565E-09 1.0080E-09 3.0281E-12  -3.5117E-10  -9.0751E-07
C2¥% 2.1565E-10 1.9324E-09  -1.0984E-13  -1.5069E-11 4.6250E-07
C30 6.0909E-11 —2.4641E-12 1.5474E-11 5.3979E-10 —-3.5705E-08
C32 1.1048E-09 3.7419E-11 -2.8655E-12 -1.9790E-11 —1.4158E-07
C34 8.3556E-10 6.2012E-11  -7.4247E-16  -2.3905E-11 2.8982E-08
C36 4.°7962E—-12 2.7818E-11 -5.1860E-15 0.0549E-14 7.9518E-09
C37 -1.1286E-11 7.1352E-13 34918E-12  -1.2625E-12 7.7556E-09
C39 1.1866E-12 8.4567E-13 7.4296F-13  -9.4370E-12 1.4205E-0%
C41 7.0678E-11 2.5944F-13  -8.6412E-14 1.6233E-12 1.9692E-09
C43 —7.8099E-12  -5.3314E-13 -2.4518E-16 4.6303E-13 4.2408E-09
C45 1.3334E-13  -2.3306E-13 7.6962E-17 5.5773E-15 7.8790E-10
_continued FIGS. 5§ and 6 described above illustrate an external
CLaXY’ + CisY  + C16X° + C1a XY + Cig X Y2 + C1o X2Y° + configuration of the prism of this numerical example. In this
5 ; 5 Aon y s numerical example, the maximum width W2 of the obser-
CZUXY4+C21Y F+ O X"+ Cog XY + Oy XY+ Cs XY + ' . . .
vation optical portion 402 1s defined by the second surface
Cas XY+ Coy XV + CogY® + Cpo X7 + C30X°Y + 102 and 1s 54 mm. The maximum width W1 of the relay
. . . . . ,
Cat X5V 4 Cor XA Y3 4 Cos X3V + Can X2YS 4 Cas XYO & 55 optical portlon 4‘01 1s 44 mm. The maximum WldthW of the
. : . . . connection portions 201 and 202 1s 53 mm that 1s smaller
Ca6Y + 037 X+ O3 X 'Y +C30 X Y +C0X Y + than W2:54 mm.
Cu XY+ Cp XY + O X?YO + Cu XY + CusYS + -+ | o
NUMERICAL EXAMPLE 2
60
A numerical value added to FSS in the column of TYP Table 2A shows optical data of Numerical Example 2, and
shows that the surface shape corresponds to the aspheric FIG. 8 illustrates a sectional view of an optical path of this
coeflicient C, listed in Table 1B. Non-listed aspheric coet- numerical example. In this numerical example, the 1mage
ficients C; are 0. forming element 106 has a size of 18.4 mmx11.5 mm. The
In Table 1A, Nd and vd respectively represent a refractive 65 exit pupil 100 of the display optical system 107 has a

index and an abbe number of a medium after the optical
surface for a d-line. When the medium 1s air, only 1its

horizontal diameter of about 4.6 mm and a vertical diameter
of about 4.3 mm. The center of the exit pupil 100 1s set at
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the rotational center position of the eyeball of the observer.
The focal length of the display optical system 107 1s about
16 mm. The display optical system (prism) 107 provides a
horizontal angle of view of 60° and a vertical angle of view

12

numerical example. In this numerical example, the 1mage
forming element 106 has a size of 18.4 mmx11.5 mm. The
exit pupil 100 of the display optical system 107 has a
horizontal diameter of about 5.6 mm and a vertical diameter

of 40° and displays an observation image at the infinite 5 of about 5.6 mm. The center of the exit pupil 100 is set at
distance 1n the positive z-axis direction. Meanings of the  (he rotational center position of the eyeball of the observer.
optical data are identical to those of Numerical Example 1. The focal length of the display optical system 107 is about
Table 12B lists aspheric coeflicients 1 this numerical 16 mm. The display optical system (prism) 107 provides a
CRAMPIC. horizontal angle of view of 60° and a vertical angle of view
g g
10 : : : : :
TARLE 2A of 40° and displays an observation image at the infinite
distance in the positive z-axis direction. Meanings of the
S TYP R X v 7 A Nd vd optical data are i1dentical to those of Numerical Example 1.
Table 3B lists aspheric coeflicients i this numerical
1 SPH o 0 0 0 0 1.00000 example
2 FIES1 o 0 —=7.056 35.838 -2.028 1.53151 5357 15 ple.
3 FEN2 o 0 —2.389 48.210 =25.749 1.53151 335.7
4 FFS1 « 0 -7.056  35.838 -2.028 1.53151 55.7 TARI FE 3A
5 FFS3 o 0 92922 -31.003 RB2.072 1.53151 335.7
6 TFS4 w 0 26325 32432 20538 1.53151 55.7 g TYP R X v 7 A Nd vd
7 FES5 o 0 33.370 59.803 -34.348 1.00000
I SPH 0 0 35.147 02.629 —-14.833 70 1 SPH 0 0 0 0 0 1.00000
2 LFFS1 e 0 —3.5%82 33.665 —-4.0060 1.53151 535.7
TABLE 2B
Coeflicient FES1 FES2 FES3 FES4 FESS
C4 -6.8451E-03  -1.2356E-02  -94712E-03 6.0193E-03  -2.3544FE-02
C6 -4.0294E-03  -9.6787E-03 4.6624E-04 7.4419E-03  -5.0623E-02
C8 -1.5921E-04  -9.2675E-06  —-1.1840E-05 1.0618E-04 2.0467E-04
C10 -5.1724E-05 7.4669E-06 2.4067E-05 1.6358E-04 2.2357E-03
Cl1 -5.7359E-07  -1.7164E-06  -1.0949E-05 9.4530E-07 2.3249E-04
C13 -2.1106E-06  -1.6309E-06 1.9452E-07  -3.2163E-06 1.7606E-04
Cl>5 3.4726E-07  =3.5587E-07  =-2.2225E-07 -2.7931E-06 -3.1708E-04
C1l7 —4.9518E-08 0.4858E-09  -1.1479E-07  -7.6155E-08 6.0359E-06
C19 —1.0727E-07 4.4520E-09 3.6990E-09  =-2.6755E-08  -2.5646LE-05
C21 1.8424E—-08 3.1596E-08  —6.2258E-10 1.5210E-10  —-3.3272E-05
C22 -2.3160E-09  -6.6793E-10  -2.0244E-09 2.6843E-09  -1.1259E-06
C24 -8.9880E-11 —1.5009E-09 1.3689E-10  —-1.0052E-09  -2.7990E-06
C26 -6.3442E-09  -9.7100E-10  -1.5934E-11 —6.1837E-11 —4.2181E-07
C2% -1.3951E-10 7.9695E-11 9.0132E-14 3.2019E-11 1.8541E-06
C30 -3.1019E-11 1.6869E-11 5.7185E-12 -3.5404E-11 7.5580E-09
C32 2.7669E-10 0.4758F-11 3.7458E-13 8.4752E-12  —-1.5692E-07
C34 —6.7295E-12 5.0292E-11 -1.2735E-14 1.2266E-12 8.2962E-08
C36 1.3918E-13  —-8.6286E-12  -1.9605E-15 2.1375E-13 3.4569E-08%
C37 3.7983E-12  -2.1219E-13 9.5414F-13  -2.3637E-12 5.1296E-09
C39 -4.1545E-12 3.4353E-13 3.7668E-13  -3.97/7E-12  -3.9827E-09
C41 1.6648E-11 -1.4694E-12  -9.8650E-15 6.7951E-14 3.5384E-08
C43 3.7216E-12  -1.7234E-13 4.4395E-17 7.3488E-15  —-4.8737E-09
C45 —7.0994E—-16 7.3533E-13 3.0533E-17 1.3887/E-15  -6.9394E-09
FIGS. 9 and 10 illustrate an external configuration of the TARBI E 3 A-continued
prism of this numerical example. In this numerical example,
the maximum width W2 of the observation optical portion S TYP R X Y Z A Nd vd
402 is defined by the second surface 102 and is 58 mm. The °°
maximum width W1 of the relay optical portion 401 1s 40 3 FFS2  « 0 -1271  45.680 -27.065 1.53151 55.7
mm. The maximum width W' of the connection portions 201 4 TFFS1 w0 3582  33.665 -4.006 1.53151 55.7
and 202 1s 49 mm that 1s smaller than W2=58 mm. 5 FFS3 » 0 96589 -29.229 B82.112 1.53151 55.7
6 LFIFS4 o 0 28.728% 31.024 14.197 1.53151 35.7
NUMERICAL EXAMPLE 3 5> 7 FFS5 « 0 32805  61.050 -54.707 1.00000
I SPH o 0 32.321 64.719 -13.391
Table 3 A shows optical data of Numerical Example 3, and
FIG. 11 1llustrates a sectional view of an optical path of this
TABLE 3B
Coefficient FFS1 FFS2 FFS3 FFS4 FFS5
C4 ~1.0187E-02  -1.3291E-02 -1.0403E-02  6.1508F-03  —-1.8379E~02
Co6 -3.4197E-03  =-9.7005E-03 1.0965E-03 5.8720E-03 -4.5737E-02
C8 ~1.8947E-04  -3.0804FE-06 -3.9526E-05  9.0294E-05  -1.7396E~03
Cl0 —&.3002E-05 1.1332E-05 2.9574E-05 1.6241E-04 -1.9243E-03
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TABLE 3B-continued
Coeflicient FES1 FES2 FES3 FES4 FES3
Cl11 2.8158E-06  -1.8251E-06  -8.7532E-06 1.7595E-07 1.1335E-04
C13 ~5.7816E-06 -1.6667E-06  3.9075E-07 -2.9951E-08 -8.6981E-05
C15 9.9144E-07 2.0657-07  =-2767/3E-07 -2.5019E-06 -1.7115E-04
C1l7 2.6047E-08 8.9490E-09  -1.0259E-07  -7.1156E-08 1.9174E-05
C19 -1.1731E-07 2.6523E-08 7.8831E-09  -1.3947E-08  —-R8.1353E-06
C21 1.6846E—-08 3.9174E-08  -7.3000E-10  —-1.9598E-09  -3.3100E-05
C22 —1.0578E-09  —-6.5069E-10 9.0733E-10 4.0796E-09  -1.6309E-07
C24 3.5119E-09  -1.1893E-09  -K.1073E-11 —8.4333E-10 1.1436E-06
C26 2.9691E-09  -1.5799E-09  -1.0057E-11 -9.5676L-11 —1.1842E-06
C28 —2.4327E-11 2.2092E-10 1.0059E-12  —-4.9928E-12  -7.3602E-07
C30 —2.8973E-11 3.2758E-12  -9.6683E-13  -3.2831E-11 —1.3962E-08
C32 1.9428E~-10 6.1132E-11 4.8615E-13 1.2634F-11  -7.3124E-0¥
C34 2.7238E-11 9.2837E-11 1.0814E-14 3.0879E-12 1.2332E-07
C36 1.8004E-13  —4.8682E-12  -2.868RE-16 2.2522E-13  -2.4479E-08
An external configuration of the prism of this numerical TARI E 4A
example 1s similar to that of Numerical Example 1 1llus-
trated in FIGS. 5 and 6. In this numerical example, the 4° S TYP R X Y Z A Nd vd
maximum width W2 of the observation optical portion 402
: . : 1 SPH o 0 0 0 0 1.00000
1s defined by the second surface 102 and 1s 52 mm. The o
_ _ _ _ _ 2 FFS1 @ 0 -20.741  33.112 -9.649 1.53151 55.7
maximuin w1c.1th w1 ?’f the relay optical p(:Jl"[lOIl 491 15 35 3 FFS o 0 0393 46071 35803 153151 557
mm. The maximum width W' of the connection portions 201 35 4 Fps1  « 0 —720741 33117 -9.649 153151 557
and 202 1s 51 mm that 1s smaller than W2=52 mm. 5 FFS3 « 0 112506 -31.436 81.024 1.53151 55.7
6 FFS4 e 0 36.198% 38454 22.172 1.53151 535.7
NUMERICAL EXAMPLE 4 7 FFS5 ® 0  41.891  59.957 -66.718 1.00000
I SPH 0 0 30.599 67.180 —8.399
Table 4 A shows optical data of Numerical Example 4, and 3Y
FIG. 12 illustrates a sectional view of an optical path of this
TABLE 4B
Coeflicient FES1 FES2 FES3 FES4 FESS
C4 -6.7645b-03  -1.1720B-02  -1.0383E-02 5.2598E-03  -5.9234E-03
Co6 —2.9748E-03  -RX.6794E-03  -3.7987E-04 5.6805E-03 7.1259E-03
CR —1.6780E-04 5.6510E-07  =2.59538E-05 7.9397E6-05  -3.6276E-03
Cl0 —2.2562E-05 8.4617E-06 1.9042E-05 1.4523E-04  -1.2279E-03
Cl1 3.0292E-06  -8.2249E-07  -3.0234E-06  -3.7614LE-07 2.6478E-05
Cl3 6.1945E-06  -1.6333E-06 3.0387E-07  =-3.4019E-06  -2.4306E-05
CIL> -1.1178E-07  -1.8190E-06  -1.4282E-07  -2.6383E-06  -5.3137E-04
C1l7 —9.8369E-08  -2.6627E-09  -23139E-08  -2.5585E-0% 2.3421E-05
C19 —2.0918E-07 3.6157E-08% 4.2398E-09 9.7571E-09 2.4262E-05
C21 5.4070E-09 4.6281E-08  -5.6364E-10 1.2608E-08 3.2047E-05
C22 -4.4957b-10  —-4.8906E-10 1.6069E-10 3.3085E-10 -1.9043E-07
C24 2.6898E-09  -53081E-10 7.3716E-11 —2.2723E-10  =-9.7584E-07
C26 1.0683E-09  -4.2148E-10 1.0535E-12  -6.7541E-11 —1.1353E-06
C28 —2.6910b-12  -5.1552E-11 2.9939E-13  -1.0143E-11 —5.9893LE-07

numerical example. In this numerical example, the 1mage
forming element 106 has a size of 18.4 mmx11.5 mm. The
exit pupil 100 of the display optical system 107 has a
honzontal diameter of about 5.4 mm and a vertical diameter

of about 3.7 mm. The center of the exit pupil 100 1s set at
the rotational center position of the eyeball of the observer.
The focal length of the display optical system 107 1s about

13 mm. The display optical system (prism) 107 provides a
horizontal angle of view of 70° and a vertical angle of view
of 47° and displays an observation image at the infinite
distance in the positive z-axis direction. Meanings of the
optical data are i1dentical to those of Numerical Example 1.
Table 4B lists aspheric coeflicients 1 this numerical

example.

55

60

65

An external configuration of the prism of this numerical

example 1s similar to that of Numerical Example 1 1llus-
trated 1 FIGS. 5 and 6. In this numerical example, the
maximum width W2 of the observation optical portion 402

surface 102 and 1s 65 mm. The
maximum width W1 of the relay optical portion 401 1s 57

1s defined by the second

mm. The maximum width W' of the connection portions 201
and 202 1s 64 mm that 1s smaller than W2=65 mm.

Table 5 collectively lists values of L12/1, L45/1.12, L.45/
.13 and W1/W2 1n Numerical Examples 1 to 4. All the

values satisiy the corresponding conditions, which results in

compact 1mage display apparatuses each providing a wide
angle of view.
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TABLE 5
L12/f  L45/L13 L45/L12 W1/W2
Example 1 0.808 0.827 3.070 0.8148
Example 2 0.844 0.765 2.679 0.6897
Example 3 0.774 0.787 3.143 0.6731
Example 4  1.244 0.667 2.303 0.8769

While the present invention has been described with
reference to exemplary embodiments, it 1s to be understood
that the mvention 1s not limited to the disclosed exemplary
embodiments. The scope of the following claims 1s to be
accorded the broadest mterpretation so as to encompass all
such modifications and equivalent structures and functions.

This application claims the benefit of Japanese Patent

Application No. 20135-146002, filed on Jul. 23, 2013, which
1s hereby incorporated by reference herein 1n its entirety.

What 1s claimed 1s:

1. An 1mage display apparatus comprising:

an 1mage forming element configured to form an original
image; and

a display optical system formed by an optical element
whose 1nside surrounded by an entrance surface, mul-
tiple retlective surfaces and an exit surtace 1s filled with
an optical medium and configured to introduce a light
flux from the original 1image to an exit pupil,

wherein the display optical system 1s configured to:

cause the light flux exiting from the original 1mage to
transmit through the entrance surface to enter the inside
and cause the light flux to retlect at a part of the
reflective surfaces:

cause the reflected light flux to form an intermediate
image 1n the display optical system; and

then cause the light flux to reflect at another part of the
reflective surfaces and exit from the exit surface toward
the exit pupil located 1n a first direction,

wherein the optical element comprises:

a first optical portion on which the entrance surface and
the part of the reflective surfaces are formed;

a second optical portion that 1s provided 1n a second
direction orthogonal to the first direction with respect to
the first optical portion and on which the another part
of the reflective surfaces and the exit surface are
formed; and

a connection portion configured to be connected to a

holding portion that 1s provided, as a diflerent portion

from the connection portion, for holding the optical
clement in the image display apparatus, and

wherein:

the first optical portion has a side face 1n a width direction

orthogonal to the first and second directions;

the connection portion 1s provided so as to contact with

the side face of the first optical portion and a side face
of the second optical portion in the width direction and
1s formed so as to be included within a maximum width
of the second optical portion in the width direction;
and.

2. An image display apparatus according to claim 1,
wherein a maximum width of the first optical portion 1s
smaller than the maximum width of the second optical
portion.

3. An mmage display apparatus according to claim 1,
wherein the display optical system has, as the multiple
reflective surfaces, four or more reflective surfaces.
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4. An 1mage display apparatus according to claim 1,
wherein, 1n the optical element, the second optical portion 1s
provided in a vertical direction orthogonal to the width
direction with respect to the first optical portion.

5. An 1mage display apparatus according to claim 1,
wherein the exit surface serves also as a reflective surface
included 1n the other part of the reflective surtaces.

6. An 1mage display apparatus according to claim 1,
wherein an angle of view of the display optical system 1s 50°
or larger.

7. An mmage display apparatus according to claim 1,
wherein the display optical system 1s provided for each of
right and left eyes of an observer, and the width direction
corresponds to a direction 1n which the right and left eyes are
arranged.

8. An mmage display apparatus according to claim 1,
wherein the following condition 1s satisfied:

0.50=W1/W2=0.95

where W1 represents a maximum width of the first optical
portion in the width direction, and W2 represents the maxi-
mum width of the second optical portion in the width
direction.
9. An mmage display apparatus according to claim 1,
wherein:
the display optical system has a first surface serving as the
exit surface and one of the reflective surfaces, a second
surface, a third surface and a fourth surface each
serving as another one of the reflective surface and a
fifth surface serving as the entrance surface;
the display optical system 1s configured to cause at least
part of an optical path of the light flux proceeding from
the fifth surface to the fourth surface to intersect with
at least part of an optical path of the light flux pro-
ceeding from the third surface to the first surface; and
the display optical system satisfies at least one of the
following conditions:

0.62<L12/f<5.00

1.80=145/1.12<5.00

where, when a ray emitted from a center ol an i1mage
forming area of the image forming element in which the
original 1mage 1s formed and passing through a center of the
exit pupil 1s referred to as a central-view-angle principal ray,
and a distance between hit points of the central-view-angle
principal ray on the optical surfaces 1s referred to as a hit
point distance, .45 represents a hit point distance between
a position at which the light flux i1s refracted on the fifth
surface and a position at which the light flux 1s reflected on
the fourth surface, .12 represents a hit point distance
between a position at which the light flux is retlected on the
second surface and a position at which the light flux 1s
refracted on the first surface, and 1 represents a focal length
of the display optical system 1n a sectional view including
optical paths of the central-view-angle principal ray between
the optical surfaces of the optical element.

10. An mmage display apparatus according to claim 1,
wherein the holding portion 1s provided at a position differ-
ent from the first optical portion in the width direction.

11. An 1mage display apparatus according to claim 1,
wherein the holding portion 1s not an optical element.

12. An mmage display apparatus according to claim 1,
wherein the holding portion 1s not an optical element for
forming an optical path in the display optical system.
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